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PE100 Resins for Pipe 
Applications: 

Continuing the Development into the 21st Century 
John Scheirs, Lud wig L. Bdhm, Jesse C. Boot and Pat S. Leevers m 



New tandem reactor polymerization technology is creat- 
ing exciting developments in the polyolefin industry, such 
as polyethylene (PE) grades possessing a bimodal mol- 
ecular weight distribution (MWD). These grades benefit 
from their bimodality by having the strength and stiffness 
of high-density PE, whilst retaining the high-stress-crack 
resistance and processability of unirnodal medium-den- 
sity grades. Such PEIOO resins are ideally suited to the 
demanding application of pipes for gas and water distri- 
bution. To qualify for the PEIOO rating, the polymer must 
withstand a minimum circumferential (hoop) stress of 
WMPa for 50 years at 20°C. Bimodal polyethylenes 
that fulfil this requirement without compromising other 
properties allow pipe industry standards to be met with 
lighter weight pipes or pipes with the same wall thickness 
as before but exhibiting significantly wider safety mar- 
gins. This review will focus on the manufacture, struc- 
ture, properties, characterization and future development 
of these new polymers. 



Polyethylene (PE) pipes offer distinct advantages com- 
pared with other piping materials because they are light- 
weight, corrosion-free, exhibit very high ductility and 
allow all-welded construction. Furthermore, PE pipe up 
to diameters of 1 60 mm is flexible and can be coiled, thus 
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reducing installation costs and reducing the number of 
on-site welds required. 

First- and second-generation PE pipes for water and 
gas distribution have minimum required strength (MRS) 
ratings for respective hoop stresses of 6.3 and 8 MPa, and 
are known as PE63 and PE80 respectively 1 . The third- 
generation materials, which are known as PEIOO resins, 
are those that conform to the MRS 10 rating. The rating 
is based on the ISO test method 2 , which specifies that 
pipes manufactured from these materials should with- 
stand a circumferential (hoop) stress of lOMPa at 20°C 
for 50 years. PE100 resins are thus high-density polyethyl- 
ene (HDPE) grades characterized by exceptionally high 
environmental stress-crack resistance, good resistance 
to rapid crack propagation (RCP) and very high creep 
resistance. 

The first reports of PE100- type resins appeared in the 
late 1980s when Solvay released its new Eltex® TU B 
120 series pipe grades 3 - 5 . Since then, other polyolefin 
manufacturers have actively engaged in research, in a 
race to develop these compounds. To date, very little lit- 
erature has been published on bow to design a PE100- 
type material because of its proprietary nature. However, 
it has been established that the key criterion is the 
requirement to concentrate all the short-chain branches 
in the high molecular weight (MW) fraction of the poly- 
mer chain length distribution. This can only be achieved 
by using a tandem or cascade reactor system, or by using 
a dual-site catalyst, to obtain the desired bimodal MWD. 

PE100 resins provide important property advantages 
over the earlier PE63 and PE80 grades when used for gas- 
distribution pipelines (see Table 1), thus affording su- 
perior safety margins. There are currently four commer- 
cial suppliers of PE100 resins. Hoechst have recently 
introduced their Hostalen CRP 100 grades, which are an 
improved 'crack resistant' version of their earlier PE100 



Table 1. Key performance properties for 
commercial pipe resins 



Property 


PE80 


PE100 


Yield stress/MPa 


■ 20 


24 


Hongation/(%) 


>600 


>600 


Elastic modulus/MPa 


750 


1200 


MRS' (over 50 years ai 20°C/MPa) 


8 


10 


Onset temperature for RCP>/°C 


0 


-10 to -20 


•MRS, minimum required strength (long-term hoop stress). 


bRCP, rapid crack propagation. 







grade (GM 501 0 T2 El 00). It is available in black or blue 
and has a nominal melt flow index (MFI) of 0.22 g per 
lOmin (5 kg load at 190°C) and densities of 0.958 and 
0 949gcnr 3 , respectively. BP have recently commer- 
cialized their version of PElOO-type resins, denoted 
Rigidex PC4100F and PC3100F, which are black and 
blue, respectively, and have the same MFI and density 
characteristics as the Hoechst grades. Borealis now mar- 
ket two grades of PE100 (HE2490 and HE2494) previ- 
ously commercialized by Neste. These are lower mol- 
ecular weight (MW) versions of the Hoechst and BP 
grades above, and the black and blue grades have a nomi- 
nal MFI of 0.40g per lOmin (5kg load at 190°C) and 
densities of 0.961 and 0.954gcnr 3 , respectively. The 
El lex TU B series of PE100 resins by Solvay is available 
in black, blue and yellow with nominal MFIs of 0.45, 0.48 
and 0.48 g per lOmin and densities of 0.959, 0.954 and 
0 952 g cm* 3 , respectively. These grades also differ m key 
properties such as slow crack-growth (SCG) resistance* 
.and RCP (Ref. 7). Such property data are given in prod- 
uct literature 8 - 11 . 

Manufacture 

Bimodal PE resins arc produced by tandem processes that 
use reactor combinations of loop, slurry and gas-phase by 
themselves or in combination with each other. The high 
MW component is generally made in the first reactor and 
then the partially formed polymer particles are transferred 
to the second reactor where the lower MW component is 
formed (Fig. la). A comonomer, such as butene or bex- 
ene, is added along with ethylene during the first stage of 
the process to incorporate a high level of branching pref- 
erentially in the high MW component of the polymer. 

Borealis employ a hybrid reactor bimodal process 
based on a slurry-loop-reactor-g as-phase reactor configur- 
ation 12 (see Fig. lb) in which supercritical propane has 
replaced isobutane as the diluent. The diluent serves as 
the polymerization medium and facilitates transfer and 
removal of the substantial heat of polymerization of ethyl- 
ene. Slurry polymerization processes used by different 
HDPE manufacturers can be classified into three cat- 
egories: (1) loop reactors with a light diluent such as iso- 
butane, which is used by licensees of the Phillips process; 
(2) loop reactors with a heavy diluent such as hexane. 
which is used by Solvay; and (3) continuous stirrcd-tank 
reactors with a heavy diluent, used by Hoechst and sev- 
eral Japanese polyolefin companies 13 . The heavy-diluent, 
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fig. 1 (a) Idealized schematic of a tandem polymerization process to produce t 
PEI0O, (b) hybrid slunytoop-gas-phase configuration employed by Borealis c 
(c) cascade continuous stirred-tank slurry reactors employed by Hoechst 

continuous stirred-tank reactor series concept (also 
known as tandem slurry) is used by Hoechst to produce 
their PE100 resin by a 'cascade polymerization* process 

(Fig. 1c). . 

Cascade polymerization is a sophisticated process mat 
employs third-generation catalysts (comprising titanium- 
based catalysts supported on silica together with 
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alky laluminium cocatalysts) and involves transferring the manufacture. The cooling process after extrusion is criti- 
reactor particles from one reactor to another to tailor the cal because it influences both the development of the 
MWD. In this process, the resin is produced by carefully microstructure and the residual stress in the pipe, 
forming the high MW component then adding hydrogen 
gas to the ethylene stream, which acts as a chain-transfer Molecular properties 

agent and thus produces the low weight fraction, to give Different grades of PE resins intended for a diversity of 
the nascent polymer panicles that are composed of applications show variations not only in their average 
micrograms, as shown in Fig. 2. Such resin may be MW and density but also in their molecular architecture, 
viewed as being a reactor 'blend* > 4 . For instance, injection-moulding grades typically have a 

The art in producing PE 100- type polymers is to tailor low MW and a narrow MW distribution (i.e. low poly- 
the polymerization of the low and high MW fractions, dispersiry) but, also, the chain branches are often in the 
such that the former component achieves an MF1 in low MW tail of the polymer. In fact, for roost conven- 
excess of 500 g per lOrnin (5 kg at 190°C) while the tional unimodal HDPE copolymers, the degree of branch- 
latter component has a very high average MW, above ing is highest in the low end of the MWD and is very low 
8 X lOSgmoH, to establish an MFI in the range of for most of the longest polymer molecules 18 . On the other 
0.2 to 0.5 g per 1 0 min in the final polymer. The average hand, PE1 00 pipe resins have a higher MW (since impact 
MW, which is inversely proportional to MFI, is con- strength depends mainly on the number-average MW) 
trolled by varying the hydrogen : ethylene ratio during but, more importantly, the branching is mainly in the high 
polymerization. MW tail of the weight distribution (see Fig. 3) for 

To generate a very broad bimodal MWD it is necess- enhanced fracture toughness and stress-crack resistance, 
ary to have two fractions with fairly different average Thus, in PE100 resins the superior performance over 
MW. The ratio of the viscosityTaverage MW of both frac- traditional HDPE is achieved by tight control of MW and 
tions Af v3 :M v) determines bimodality 15 . This is best advantageous placement of short-chain branching. It 
accomplished by a two-stage polymerization process has been shown that the side branches become effective 
with either continuous or discontinuous operation. It has in enhancing toughness if they are placed on molecules 
been found that the ratio Af v2 :Af T , must be at least ten to with MW greater than 150000 (N. Brown, pers. 
obtain resins with two distinct peaks in the MWD 15 . It is commun.). 

important to note that it is very difficult to achieve a truly The penalty for having a high MW component is 
homogeneous bimodal blend solely by mechanical blend- decreased processability and an increased likelihood of 
ing of the two fractions. However, the polymer blend extrusion defects such as melt fracture. Bimodal MWD 
formed in the cascade technology also has to be well polymers overcome this problem by 'having the best of 
homogenized during the extrusion process using an inten- both worlds 1 , through the incorporation of a very low 
sive mixing device coupled to a plasticating extruder such MW fraction as well, which aids processability by an 
as a continuous mixer (e.g. Fanxl™ 1 8UM) 16 . inherent lubrication effect. 

The low MW fraction, which is sparsely branched, is 
Processing considerations largely responsible for forming the crystalline phase in 

PE100 materials require no special processing conditions the solid state. The amorphous phase constitutes pre- 
and can be processed in the same way as PE80 and ear- dominantly the high MW fraction within which resides a 
lier pipe grades. This is possible by virtue of their bimodal high concentration of tie molecules 19 ' 20 . Tie molecules are 
MWD as the inherent lubricating effect of the low MW those polymer chains that connect adjacent crystallites 
component offsets the high melt viscosity of the high and thus act as load-bearing members. Thus, the density 
MW fraction. Pittman ex at 17 have investigated the heat- of polyethylene can be controlled by variation of the level 
transfer coefficients for PE80 and PE 100 pipes during of comonomer. At the same comonomer content the 

bimodal PE100 resins reach a higher degree of crys- 
tallinity, which causes further improvement in elastic 
modulus, stiffness and yield strength. Or viewed in 
another way, PE100 resins have a higher degree of 
comonomer incorporation for a given density (or crys- 
tallinity) compared with PE80 resins (Fig. 3c). This 
causes a considerable increase in the degree of entangle- 
ments of polymer chains, thus improving the mechanical 
properties. 

Tie molecules contribute to SCG resistance by anchor- 
ing the fibrils that form at the crack tip during crazing, 
which precedes SCG. Maximum protection is offered by 
those tie molecules that possess short-chain branches, 
because these effectively hinder the pullout of the poly- 
mer chain from the crystallites. It is thus the long chains 
with the most comonomer incorporation that provide the 
highest fracture toughness 20 . Chain entanglement is 

fU. 2 Schemaricofnascent PElOOpotymer parities. which are composed of ^Joi PE100 resins. SO disentanglement at the crack 

micrograms that are produced by polymerizing the highly branched, high molecular °P» Which IS the governing factor where brittle failure IS 

weigh component in one reactor followed by production of the low weight fraction in a concerned, is far less pronounced With PE 1 00 compared 

second reactor. M represents molecular weight and mis the mass fraction. with PE80 and PE63 resins. 
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Analytical characterization 

The best way to characterize PE100 materials is using 
polymer fractionation methods to deconvolve their 
Kmodal architecture. In particular, fracoonauon methods 
allow determination of the comonomer m^MA. 
the comonomer content as a function of MW?»-» which, 
besides the MWD, is one of the most important molecular 
parameters for PE100 resins. The comonomer content of 
PE100 resins is generally 40% higher *» 
traditional PE resin of the same density. One of the most 
informative methods is temperature-rising elution frac- 
tionation (TREF) combined with analyocal size CXC U- 

information on the MW and branch content of each frac- 

U 7nvetStiSo»PE pipe materials can also be done by 
the Holtrup fractionation method" combined with 1R 
analysis to determine the degree of shorwham branch- 
ing of each fraction"-* This direct extraction method 
is a relatively simple method for dctemumng tiie 
cU>nomercontent as a function of MW A sweated 
refinement of this method is to analyse the fracoons pro- 
duced by the Holtrup fractionation using SEC and 

Fractionation methods, however, are laborious and 
time-consuming. Recognition of the critical influence jof 
comonomer distribution on PE100 properties has 
prompted the search for an alternative characterizauon 
method, suitable for routine batch monitoring. Atech- 
nioue based on differential scanning calonmetry (DSC) 
known as stepwise isothermal segregation (SIS) has been 
recently developed and calibrated against fractionation 
data*-*' Before testing under the constant heating ramp 
conventionally used in DSC. each sample is melted and 
cooled through a sequence of isothermal steps. Each step 
stabilizes a crystalline fraction characterizing a region of 
the comonomer distribution spectrum, so that this spec- 
mini emerges in a fine structure of heat input peaks on 
subset reheating. T1k DSC peak snucture for PE100 
is particularly complex, and has revealed subtle batch-to- 
batch variations. 

Mechanical properties 

PE100 materials have chains that are branched and entan- 
Kled but not crosslinked, and therefore they have time- 
dependent (viscous) properties qualitatively similar to 
those of PE80 and earlier generation polyethylenes. Poly- 
ethylene normally behaves in a ductile manner but as 
stress levels reduce and service hves increase, SCO at 
defects (e.g. flaws and notches) can result in brittle fail- 
ure». Slow crack growth, as its name suggests is a very 
slow process with crack propagation speeds of the order 

° f CtathT^ hand, a completely different modeof 
brittle failure, known as rapid crack propagation (RCK). 
can be observed when an impact-initiated crack propa- 
gates at speeds up to 300 m s-' along the entire length of 
die nine 1 ' Thus, the pattern of development of succes- 
sive generations of PE pipe materials has been to reduce 
progressively the risk of brittle behaviour so that the 
potential benefits of the highly ductile regime can be 
more fully exploited. The current generation of PESO 
resins, for example, have excellent SCGresistance but 
have less than optimum resistance to RCP, particularly 
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Fla. 3 Relationship between the molecular weighs distribution MMfc J^L-I 
^^^2 r-.-.-)«i« function of molecular weigh, for a)comennonai 
ZZZr^LiM bLda^nusterial (c) f^^^ £(L , 
^ZZitiy (or density) and sho«<hain branch content for conventional HDPE 
PE6S or PESO) and PE100 resins. 



at larger diameters**. Furthermore, earlier attempts to 
improve RCP performance caused a concomitant reduc- 
tion in SCG resistance. 

Ductile behaviour 

Figure 4 shows standard tensile test results* 1 for both 
PE80 and PE100. The short-term modulus is normally 
quoted* as the initial tangent to the tensUe curve. Figure 
4 yields short-term moduli for PESO and PE100 of 750 

and 1200 MPa, respectively- . 

It should be noted that these properties were obtained 
using samples cut from pipe; polymer manufacturers 
commonly quote fundamental properties based on 
samples cut from sheet, which have been annealed and 
thus give higher values. 




Ft*, 4 Typical tensile test results for PESO ( )andPEJ00( ) 

resins (crosshead speed, JOOmm mur*: room temperomrel 
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(a) 




log time 



(b) 




Time 



Flfc. 5 (a) Qualitative illustration of the results of standard pressure testing on a typical 
polyethylene pipe over a range of temperatures. The knee at B is accompanied by a 
gradual change in failure mode from ductile to increasingly brittle behaviour owing to 

stow crack growth { . actual data; projected data; , extrapolation of 

the time of the 'knee ' to tower temperatures), (b) Schematic representation of the creep 
rupture failure modes encountered during different stages of pressure testing of HOPE 
pipe: I, ductile failure: B t knee; and III, brittle failure. (Courtesy ofhS. tfwarson, 
Studsvik Material AB, Sweden.) 



The viscous nature of these materials can most easily 
be studied by performing a tensile test at constant load 
and observing the consequent increase in deformation 
with time (creep). If a stress less than the maximum ten- 
sile stress of the polymer is applied for a short period 
(hours or days), the behaviour of the polymer is essen- 
tially viscoelastic, and up to 95% of the deformation is 
gradually recovered upon removal of the load. Con- 
versely, if the load is removed after a significant period 
of creep deformation (over weeks or months) only about 
30% recoverable deformation is obtained (Z.W. Guan, 
PhD thesis, University of Bradford, 1993). It is also 
important to note that the ductile properties of PE are not 
only resin, process and strain-rate dependent but are also 



a significant function of temperature, with short- and 
long-term moduli reducing, typically, by 300% and 50%, 
respectively, as ambient temperature rises from 20 to 
40°C 

It should not be assumed that creep under loading is 
necessarily destructive. When PE pipes are subject to ser- 
vice loading, long-term deformations are less than 5%, 
whilst under restrained conditions, creep results in a 
highly beneficial stress redistribution with time. In a 
stress analysis simulating the creep behaviour of a 6 mm 
thick PE100 lining subject to 3.2 MPa internal pressure 
whilst spanning a 60 mm diameter void in a host pipe, it 
was found that, upon initial application of load, stress 
levels in excess of 1 6 MPa at the midspan were measured 
and these are of a magnitude sufficient to cause rupture 
in an unrestrained pipe. However, after one month, creep 
has adjusted the deformations so as to reduce these 
stresses to below 1 1 MPa. 

Stress concentrations caused by point loads, inconsist- 
ent backfill, variable ground support and so on are all 
mostly dissipated by the effects of creep. These charac- 
teristics of PE pipe materials are a major reason why there 
are no reported problems in PE pipelines due to longi- 
tudinal or temperature effects, and no reported problems 
of any kind directly attributable to material behaviour 
(i.e. not installation related) in PESO and PE100 pipes. 

Slow crack growth 

To be able to take full advantage of the above character- 
istics, it is necessary to ensure that any failure will in fact 
be ductile. Figure 5a illustrates qualitatively the results of 
a series of pressure tests undertaken on a typical PE 
material over a range of temperatures. As pressure 
decreases from the short-term burst value, creep life 
increases along a line such as AB; beyond B creep life 
only increases in a significantly smaller proportion 32 . The 
'knee' at B is accompanied by a gradual change in fail- 
ure mode from ductile to increasingly brittle behaviour 
(owing to SCG). This shirting behaviour is observed 
because resistance to fracture decreases rnore rapidly with 
time than resistance to yielding. To ensure the mainte- 
nance of specified safety factors, great care is required 
when extrapolating relatively short-term results (usually 
obtained in less than 1 year) to yield the MRS at 50 years. 
This is achieved by pressure testing to produce results as 
indicated in Fig. 5a and interpreting these according to 
the standard extrapolation method (SEMP. The basic 
principle of the SEM is that the time to the 'knee' reduces 
with increasing temperature; thus the possibility of 
ductile-brittle transition at 20°C can be predicted from 
results obtained at higher temperatures, as indicated by 
the dotted line in Fig. 5a. Figure 5b shows schematicaUy 
the types of pipe failures that occur as a function of time. 
As the knee is approached the failure mode shifts from 
ductile (ballooning behaviour) to brittle, whilst beyond 
the knee brittle failures predominate. 

Fust-generation PEs yield a knee at less than 50 years, 
and there have been cases of reported brittle failures with 
these materials 28 . For PE80 materials, a knee can be 
implied at a time significantly in excess of 50 years 9 . In 
the case of PE100, creep pressure tests at 80°C for peri- 
ods in excess of 10* hours have failed to reveal any evi- 
dence of a 'knee* 11 . However, SEM testing is undertaken 
using undamaged pipe, whilst standard specifications 



permit a notch (10% of the wall thickness) in the pipe wall 
due to pipe handling and installation. To evaluate perfor- 
mance under these conditions several other tests have 
been devised 33 " 35 . In particular, extensive data 36 from the 
notched pipe test suggests that some PE100 materials are 
now not as resistant to SCG as PE80. This potential 
reclassification of these materials at different flaw sizes 
is the subject of ongoing research. However, it must 
be emphasized that one of the main problems in 
this respect is the great difficulty encountered in produc- 
ing SCG in cither PE80 or PE100 at anything approxi- 
mating representative service conditions; both materials 
have SCG resistance well in excess of the required 
specifications 33 . 

Rapid crack propagation 

PE pipes have been linked in the past to the phenomenon 
of RCP CRcf . 7). This is a process whereby an impact col- 
lision at one end of a pipe propagates rapidly along the 
entire length of the pipe. Essentially, the pipe Unzips in 
a distinct wavy manner at high speed. Pipe manufactur- 
ers conscious of this problem have lowered the maximum 
specified pressure for large diameter PE pipes because of 
the higher purported susceptibility of some grades to 
RCP Whilst all PE100 resins have now been character- 
ized with respect to RCP, it is not well understood what 
molecular and/or morphological parameters affect RCP. 

Full-scale RCP tests have for many years been earned 
out on long, air-pressurized, buried PE pipe specimens, 
but this 'gold standard* method»- 17 lacks practicality for 
routine testing. For quality control, and for research on 
new resins, the S4 (small-scale steady-state) tesf is used. 
This involves measuring the arrest length (i.e. distance 
travelled by the crack before it stops) of a fast crack, ini- 
tialed by impact, in each of a series of tests at progres- 
sively increasing pressures. The arrest length remains 
about one pipe diameter until, above a well-defined criti- 
cal pressure, it jumps to the entire specimen length. 
Because scaling down the test necessarily involves 
removing the surrounding sand or gravel bed and elimi- 
nating large-scale flow within the pressurizing medium, 
this critical pressure is much lower than the full-scale 
value. For a given PE resin at a given test temperature the 
higher the critical pressure the better the rapid-crack resist- 
ance of the resin. - 

At a sufficiently low temperature, all PEs seem to snow 
similar critical pressures, as shown in Fig. 6. At 0°C (the 
lower design temperature usually assumed for both gas 
and water pipe) PE80 resins are very effectively distin- 
guished by their S4 critical pressures. However, a 
bimodal PE usually does not yield a critical pressure 
above -10°C, and PE100 resins are therefore better char- 
acterized by the transition temperature above which the 
critical pressure abruptly increases 38 . Thus, for PE100 
pipes to undergo RCP a temperature much lower than that 
normally encountered for a buried gas pipe (and imposs- 
ible for a water pipe) is necessary, making RCP extremely 
unlikely to occur in practice with PE1 00 generation pipes. 

Although enhanced RCP resistance is a key feature of 
PE100, it must be exploited with care. Tests at tempera- 
tures just above the RCP transition show that increasing 
wail thickness has a similar effect to a further reduction 
in temperature 38 . The abruptness of the transition tem- 
perature, its proximity to 0°C, the depth of any sharp 
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Hi. 6 Critical pressure for RCP as a function of temperature for 
PE63. PESO and PEJ00 pipes in the small-scale steady-state (54) test 
(test performed on pipes of diameter 90mm and thickness o\lmml 
Note: PE1O0 only undergoes RCP at very tow temperatures U*. -/O 
to -20°Ch which are not encountered in service, thus PE100 pipes 
can effectively be regarded as resistant to RCP. 

scores along the pipe bore 39 and the tendency for batch- 
to-batch variation all demand close quality-control moni- 
toring. British Gas still tests every PE100 batch for resist- 
ance to RCP at three times the maximum system pressure. 
While ductile behaviour suggests that the greater strength 
of PE100 resins can be exploited either by making pipes 
with thinner wails or by raising the operating pressure, 
RCP performance provides strong reasons to opt for the 
former. 

The RCP behaviour of PE100 resins is complex, and 
not all details are yet understood. PE100 has both a higher 
dynamic modulus and a higher yield stress than PE80 
(N.N. Dion, PhD thesis, University of London, 1993); in 
these respects it resembles PE80 at a lower ternrjcraturc. 
Methods have been devised to measure resistance to fast, 
steady crack propagation (rather than to impact crack in- 
itiation) in compression-moulded plaques (eg. the Izod 
impact test). Unlike S4 tests, these do sustain RCP in 
PE100 at 0°C but they show its resistance to be at least 
50% higher than that of PE80 (Ref . 40). It has been sug- 
gested that RCP takes place by a process of adiabatic 
melting, at the scale of an extended chain length, beneath 
the roots of craze-tip fibrils 41 . Thus. PE100 resin owes 
its higher crack resistance mainly to its higher weight- 
average MW. PE100 pipe, however, seems to mobilize 
additional mechanisms to resist RCP, and some of these 
are undoubtedly sensitive to processing conditions. Hie 
increased speed of stress waves in PE100 may also 
increase the decompression wave speed down the pipe, 
thereby reducing the crack driving force. 

Research by pipe nianufacturers to address RCP has 
been aimed at producing pipes with a ratio of crack length 
to pipe diameter of approximately one, even at internal 
pressures of 2.0 MPa (Ref. 15). Resistance to RCP is a 
critical parameter to consider when designing and manu- 
facturing pipes from PE 100 resins, particularly pipes used 
for gas distribution, because a RCP failure would have 
obvious disastrous consequences. RCP can ensue when 
the pipe is subjected to high impact forces but it can also 
originate from other sources like a defective butt fusion 
weld. A new PE 1 00 resin 1 recently developed by Hoechst 
has demonstrated outstanding resistance to RCP. 
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Impact resistance 

High-speed impact is used to initiate RCP in pipe tests 
but has not been responsible for any of the few docu- 
mented RCP service failures. Conventional notched 
impact tests (e.g. Charpy or Izod) on PE resins do pro- 
duce a fracture surface that in some respects resembles 
that from RCP but their use has been eclipsed by that of 
RCP tests on whole pipe sections. The relationship 
between impact crack initiation resistance and RCP resist- 
ance has never been clear. 

Nevertheless, there are correlations between impact 
test results and RCP performance, and these have been 
used to guide PE 100 resin development Standard impact 
test results are expressed in terms of absorbed energy and, 
for amorphous polymers, instrumented impact tests on 
sharply notched specimens can yield a definitive fracture 
toughness. Tough polymers like PE100 are more com- 
plex: as impact speed increases, impact fracture resist- 
ance falls steadily 42 so that no definitive values emerge. 
Thus, again, for PE100, the transition temperature rather 
than resistance in itself has become the focus of attention. 
Increasing the impact test temperature precipitates a 
brittle-to-tough transition similar to that seen in pipes. 
The use of impact transition temperature tests to guide 
small-batch production of experimental resins has pro- 
duced some resins with brittle-ductile failure transition 
temperatures lower than ~30°C. 

Welding behaviour 

PE pipes arc joined cither by heating the butt end of the 
pipe with a plate resistance heater, then mating the hot 
butt ends together to form a weld, or by an elecoofusion 
technique employing resistively heated fittings. PE100 
materials require different butt fusion conditions to PE80 
grades, such as lower pressure during fusion. Further- 
more, in the application of PE100 materials for thick- 
walled (up to 60 mm) water pipes it is necessary to use a 
dual pressure welding process to give weld tensile test 
ductility equivalent to that for the smaller sizes of pipes 
made from PE80 material 43 . The effect of pipe wall thick- 
ness and welding parameters on the joint quality of 
bun fusion welded PE 100 pipes has recently been inves- 
tigated using notched Charpy impact and tensile tests 45 . 

Future trends 

PE100 pipes have been getting progressively 'bigger 1 
both in diameter and in market volume. There are now 
applications for gas distribution that use PE pipes of 
800 mm in diameter, and this dimension could increase 
in the future. The new Hostalen CRP 1 00 grade offers the 
chance to produce pipes with diameters up to 2.6 m and 
wall thicknesses of 50 mm (Ref. 44). As the diameter 
increases so too does the demanding nature of the appli- 
cation. This underlines the need for resins with improved 
resistance to RCP. In this respect PE100 has enormous 
growth potential given the need for infrastructure devel- 
opments of gas and water distribution networks world- 
wide. The forecast growth for PE 1 00 materials in Europe 
is about 25% per year, and this is expected to progres- 
sively rise as the expected increases in the availability of 
fittings and larger diameter pipes arc realized. A big 
market opportunity for PE100 also lies in water distribu- 
tion. PE 100 can successfully challenge ductile iron pipes 
up to diameters of 315 mm (Ref. 44). 



The west European HDPE pipe grade market is antici- 
pated to grow from 550000 tonnes per year in 1994 to 
800 000 tonnes per year by 2005 , with PE 1 00 accounting 
for 100000 tonnes per year by then 0 . Furthermore, major 
PE producers are adding PE 100- type resins to their prod- 
uct range. BP are cm the verge of commerci al izati on of a 
Rigidcx PE100 grade. BASF have recently announced 
that their researchers are working on a grade of Lupolen 
3822 D aimed at the PE100 classification 46 . 

As most PE producers have now mastered cascade 
(tandem) reactor technology, what were novel configu- 
rations such as loop-loop, gas-phase-gas-phase and 
various combinations of these are now becoming stand- 
ard processes 13 . Furthermore, polymerization advances 
are enabling higher comonomer incorporation in the 
amorphous portion of the polymer, which considerably 
increases the entanglement of the molecular chains, and, 
therefore, further gains in fracture toughness are possible. 
In fact, PE112 and PE125 are already looming on the 
horizon with current innovations in polymerization 
technology promising to shorten the 'generation gap' 
considerably. 

Together with new catalyst technologies and the use of 
hitherto unexploited strength enhancement techniques 
such as molecular orientation, the future of PEI00 (and 
higher classification resins) is bright as it has the poten- 
tial to displace medium-density PE and ductile steel 
pipes, thereby making it the keystone of gas-distribution 
systems worldwide. 

Acknowledgements 

The authors would like to acknowledge the help of the following (or 
assistance during the preparation of this paper: S. Beech (BP Chemi- 
cals, Grangemouth, UK); N. Brown (University of Pennsylvania, USA); 
F. Hinchcliff (TWI, Abmgton, Cambridge, UK); M. trwarson (Studsvik 
Material AB, Nykoping, Sweden); and D. Cueugnaut (Caz de France, 
La Plaine Saint Denis, France). 

References ■■■■■■■■■i^^^^"^^^™""""^^^™ 

t ISO (1 995) Thermoplastic materials for pipes and fittings for 
pressure applications - Classification and designation: Overall 
service (design) coefficient: ISCVD1S 12162.2, International 
Organization for Standardization, Geneva, Switzerland 

2 ISO (1994) Thermoplastic pipes for the transport of fluids - 
Methods of extrapolation of hydrostatic stress rupture data to 
determine the long-term hydrostatic strength of thermoplastic 
pipe materials: ISO/TR 9080, International Organization for 
Standardization, Geneva, Switzerland 

3 Anon. (1989) Mod. Hast Int October, p. 35 

4 Dewitt, R. (1992) Proc. Plastic Pipes VIII, Eindhoven, The 
Netherlands, pp. C2/2-1-C2/2-7 (available from: Plastics and 
Rubber Institute, 1 1 Hobart Place, London, UK SW1 W OHLI 

5 Yemaux, J-M. (1992) Polymer Developments for Pipe Systems, 
presented at Polyethylene - the 1 99ffs and Beyond, London, 
19-20 May 1992 (available from: Plastic and Rubber Institute, 
1 1 Hobart Place, London, UK SW1W OHLI 

6 Huang, Y±. and Brown, N. (1991)/ Polym. 5c/., Porym. Phys. 
29, 129 

7 ISO (1995) Thermoplastic pipes for the conveyance of fluids - 
determination of the resistance to rapid crack propagation (RCP) 
- small scale steady state (S4K Draft International Standard DIS 
13477, International Organization for Standardization, Geneva, 
Switzerland 

8 Anon. (1996) Hoechst Product Literature for HostalenQ CRP 100 
[available from: Hoechst Aktierrgeseflschart, Hostalen PE 
Marketing, D-65926 Frankfurt am Main, Germany! 

9 Anon. (1996) BP Product Literature on RigidexQ PC0V2-50 



R102 for pipes lavaflaHe from: BP Chemicals Ltd. Bo'ness Road, 
Grangemouth, UK FIG 9XH] 

10 Anon. (1996) Boreal* fto^ltfwlure for HJ24S0 and 
HU494 [available from: Lyngbv Hovedgade 96, DK-2800, 
Denmark) 

11 Anon [\WS) SotoyProductLitentun on &tex&WB12l 
B124 and B125 lavaiUbte from: Solvay SA, Rue du Prince 
Albert 33, Br 1050, Belgium] 

12 Scheie ). (1995) ExcelPlas Repot No. 5-95, Emerging processes 
and reactor configurations in polyoleftn production {available 
from: ExcelPlas Australia, PO Box 102, Moorabbin, 3189, 
Victoria, Australia] 

13 Scheirs, J. and Evens, C. (1996) in The Polymeric Matenals 
Encyclopedia (Salamone, )., ed.), pp. 5965-5977, 

CRC Press 

14 Bohm, L.L., Bilda, D., Breuers, W., Enderie, H.F. and Lecht, R. 
(1 995) in Ziegler Catalysis (Fink, C, Muhlnaupt, R. and 
Brintzinger,H.H..eds), pp. 387-400, Springer 

15 Bohm, L.L. Enderie, H.F. and Fiehsner, M. (1994) in Catalyst 
rteipfotTailorwadePolyotefinstSog*.*.*^ 

eds), pp. 35 1-363, Kodansha 

16 Scheirs, ). (1996) in The Polymeric Materials Encyclopedia 
{Salamone, J., ed.), pp. 5989-6001, CRC .Press 

17 Pittman, J.F.T., Farah, IA, Isaac, D.H. and Eccott, A. (1995) 
Plast. Rubber Compos. Process. Appl. 24, 123 

18 Bohm, L.L (1981) Makromol. Gbero. 182, 3291 

19 lusuger, A. and Markham, R.L. (1983) Polymer 24, 1647 

20 Bohm, L.L., Enderie, H.F. and Fleissner, M. (1 992) AoV. Mater. 
4 234 

21 Scholten, F.L. and Rijpkema, H.JM (1992) P*x "asfjc Pipes 
Will, Eindhoven The Netherlands, pp. C2/4-1^2/4-10 
(available from: Plastics and Rubber Institute, 1 1 Hobart Place, 
London, UK SW1W0HL) □ a 

22 Schouterden. P., Croenickx, C, Van der Heijden, B. and 
Jansen, F. (1987) Polymery 2099 

23 Wild, L 0 990) Adv. Polym. Sci. 98, 1 

24 Holtrup, W. (1977) Makromol. Chem. 1 78 2335 

25 Fuchs, O., Bohm, L., Fleissner, M., Cann, G., Suhr, H.H. and 
SchOddemage, H.D.R. (1971) in Encyclopedia of Industrial 
Chemical Analysis (Vol. 1 2) (Snell, F.D. and Ettre, IS., eds), 
p. 341, Interscience Publishers 

26 Scheirs, |. (1994) ExcelPlas Report No. ffl-W,^. 
methods for the characterization of commercial Pt 100 pipe 
resins (available from: ExcelPlas Australia, PO Box 102, 
Moorabbin, 3189, Victoria, Australia] 

27 Gueugnaut, D. and Rousselot, D. (1995) Proc Plastic Pipes IX, 
Edinburgh, p. 107 [available from: The Institute of Materials, 
Carlton House Terrace, Condon, UK SW1Y 5DB] 

28 Janson, LE. and Molin, J. (1991) Design and Installation of 
Buried Pipes, Wavin Publishers . 

29 Greig, jiTLeevers. P.S. and Yayla. P. (1992) Eng. Fract Mater. 
42 663 

30 UK Water Industry Engineering and Operations Committee 



(1 993) Specification for blue higher performance polyethylene, 
HPPE/PE1Q0, pressure pipes nominal size 90 to 1000 mm, for 
underground or protected use for t/>e conveyance of water 
intended for human cortsumpadn, Water Industry Standard 
4-32-1 3, WRC Publishers , 

31 ISO (1993) Methods of testing plastics. Part 3:Mechantal 
properties (methods 32QA to 320F and 335A*. ISO 1 78, 
International Organization for Standardization, Geneva, 
Switzerland . , „ ._. 

32 Ifwarson, M. and Leijstrom, H. (1 992) Proc. Plast* Pipes VU, 
Eindhoven, The Netherlands, paper No. CI 71 (available from: 
Plastics and Rubber Institute, 11 Hobart Place, London, UK 
SW1W0HLI tJ 

33 ISO (1 995) Polyolefin pipes for the conveyance of fluids - 
Resistance to crack propagation - Test method for slow crack 
growth of notched piper. ISO/DIS 1 3479, International 
Organization for Standardization, Geneva, Switzerland 

34 ASTM (1995) Test method for notch tensile test to measure the 
resistance to slow crack growth of polyethylene pipes and resins 
(PENT Test): ASTM 1473 (Vol. 08.04), American Society for 
Testing Materials, Philadelphia, PA 19103, USA 

35 ISO (1993) Polyethylene Plastic Pipes - determination of slow 
crack growth resistance (cone test method): ISO/DIS 1 3480, 
International Organization for Standardization, Geneva, 

S witzerta nd 

56 Beech, S.H„ Channel!, A.D. and Rose, U (1995) Proc. M* tat 
Plast Fuel Gas Pipe Symp., San Diego, pp. 216-225 (available 
from: the American Gas Association, Chicago, IL, USA) 

37 ISO (1 995) Thermoplastic pipes for the conveyance of fluids - 
determination of the resistance to rapid crack propagation ^ 
(RCP) - full scale test (FST): Draft International Standard DI5 

1 3478, International Organization for Standardization, 
Geneva, Switzerland . 

38 Leevers, Pi., Venizelos, G.P. and Morgan, R.E. (1993) in Buned 
Plastic Pipe Technology ml 2) I ASTM STP 1222) (Eckstein, D., 
ed ), pp. 1 33-1 48, American Society for Testing Matenals, 
Philadelphia, PA 19103, USA 

39 Leevers, PS. and Yayla, P. (1991) Proc 12th Plast. Fuel Gas 
Pipe Symp., Boston, Massachusetts, 24-26 September, 

pp. 58-69 (available from: American Gas Association, 
Arlington, VA, USA] 

40 Wheel, MA and Leevers, PS. (1993) Inl J. Fracture 
61,349 

41 Leevers, PS. (1 995) Int. ). Fracture 73 109 

42 Clinton, E.Q. and Channel!, A.D. (1995) in Impact and Dynamic 
Fracture of Polymers and Composites (ESIS Publication 191, 

pp. 215-224, Mechanical Engineering Publications 

43 Wilson, KA (1995) Proc. Wasfic Pipes IK Edinburgh. 
pp 1 68-1 80 [available from: The Institute of Materials, 
Carlton House Terrace, London, UK SW1Y 5DB) 

44 Reade, L (1996) tur. Plast. News February, p. 24 

45 Anon. (1995) Eur. Chem. News 27 March, p. 6 

46 Anon. (1995) Mod. Plast. Int. September, p. 169 



Do You Want to Write a TRIP Review? 

tw> ««l of a TOP review is to chronicle recent and current development in any 
Sved S S^ce. W you wish to write ^thf *ev^ 

!£Ks£^^ on your manuscrtpt, with a 1 ^^^^J^^^ 

Tte outline should explain why M ("^tirf^ 

author's own work. Acceptance of a proposal does not constitute aefceptance ft* publlcatton. 



1WPV6L 4. NO. 12. December 1996 



415 



